The common neurodegenerative disorders of humans, Alzheimer's disease and Parkinson's disease, are both associated with degeneration of specific neurotransmitter-containing neuronal populations. These diseases may be multifactorial, but viruses have often been suggested as their etiologic agents. In humans, parkinsonism has been shown to occur during the acute phase of encephalitis due to a number of viruses, including, measles, varicella, polio, and Japanese B encephalitis viruses (6, 11) . The best-known encephalitis associated with parkinsonism was von Economo's disease or encephalitis lethargica, the basis of which remains unknown but is generally assumed to have been a virus infection. Most individuals affected with this disease showed evidence of basal ganglia involvement, and many survivors developed postencephalitic parkinsonism (6, 27) . More recently, dopamine deficits have been observed in AIDS patients (21) . In this study, we have sought to determine in principle whether a virus can infect, replicate in, and affect a single neuronal subpopulation, in this case the dopaminergic neurons of the substantia nigra, without spreading to and damaging other neuronal populations.
Experimentally, changes in the dopamine system have been observed during encephalitis produced by Semliki Forest, vaccinia, herpes simplex, encephalomyocarditis, influenza, coxsackie B4, and Newcastle disease viruses (1, 3, 5, 10, 13-15, 17-20, 22) . Studies on virus distribution and pathological changes in the central nervous system demonstrate that Theiler's virus and mouse hepatitis virus have a predilection for and can severely damage the substantia nigra (9, 12, 24, 25, 28) . However, following conventional intracerebral inoculation these viruses are never confined to this structure alone but rather infect and cause degeneration throughout the limbic system and other areas of the brain.
Following our recent observation that after conventional intracerebral inoculation Theiler's virus can spread to, infect, and destroy the mouse substantia nigra without death of the animal (24), we chose this virus to inject stereotaxically into this nucleus. The stereotaxic coordinates (Ϫ2.8 mm anterior, Ϫ1.4 mm lateral of bregma, and Ϫ4.6 mm below the cortical surface) were established by using a stereotaxic atlas (26) and trial dye injection. In a series of experiments carried out at different times, a total of nine adult (Ͼ8-week-old) female CBA mice were anesthetized and unilaterally inoculated stereotaxically with 0.1 l of phosphate-buffered saline containing 50 PFU of the BeAn strain of Theiler's virus. Seven negative control animals received the same inoculum without virus. As positive controls, another seven animals were "lesioned" with 6.75 g of 6-hydroxydopamine (6-OHDA), an aminergic neurotoxin which destroys dopaminergic neurons. Following the insertion of the cannula, infusion of the inoculum was carried out at a rate of 0.1 l/min. In order to allow the virus to attach to cells in the substantia nigra and to prevent the virus from being drawn back up the cannulation tract, the cannula was left in place for 45 min and was withdrawn slowly over a 5-min period. Three infected animals were sacrificed at each of 3, 10, and 22 days postinfection. The control animals and those with 6-OHDA lesions were sacrificed at 22 days postinfection. Brains were removed, immersion fixed in 4% phosphate-buffered formal saline, and embedded in paraffin wax. Each brain was serially sectioned coronally into 5-m sections, and representative sections at multiple levels were processed for in situ hybridization to determine the location of viral RNA-positive cells. In situ hybridization was carried out as appropriate with 35 S-, digoxigenin-, or biotin-labeled riboprobes complementary to the capsid region of the viral genome (16, 24) . For double labeling, biotin-labeled riboprobes were detected with avidin conjugated to fluorescein isothiocyanate and sections were then stained for tyrosine hydroxylase by using a rabbit antityrosine hydroxylase antibody (Bioreme S.A., Reims, France) detected with a goat anti-rabbit antibody conjugated to rhodamine isothiocyanate.
The negative control mice never showed any degeneration of the substantia nigra, whereas those mice inoculated with 6-OHDA had, as expected, large ipsilateral lesions in this area.
In mice given virus, foci of viral RNA-positive cells were observed in the substantia nigra at 3 days postinfection (Fig. 1) . By 10 days postinfection, the infection had spread throughout the entire rostrocaudal length of the substantia nigra and the intensity of the positive in situ-hybridization signal in infected cells had increased relative to that on day 3. The spread of the virus to other brain areas was only very rarely observed and involved few cells (Fig. 1) . Double labeling indicated that nearly all infected cells were tyrosine hydroxylase-positive neurons and that most tyrosine hydroxylase-positive neurons in the substantia nigra pars compacta were infected (Fig. 2C to E) . Tyrosine hydroxylase immunoreactivity was normal in the contralateral substantia nigra. An inflammatory infiltrate was present from 10 days postinfection (Fig. 2B) .
By 22 days postinfection, little or no viral RNA could be detected in the substantia nigra or elsewhere (Fig. 1) . By this time, few or no tyrosine hydroxylase-immunoreactive neurons were detectable in the substantia nigra on the inoculated side and all mice demonstrated neuronal atrophy and inflammation, indicating that the infection had effectively lesioned this nucleus (Fig. 2F) . Again, there was no evidence either by in situ hybridization for viral RNA or by histopathological changes that the infection had spread to any other structures. Interestingly, at this time little or no tyrosine hydroxylase immunoreactivity was detected in the ipsilateral caudate putamen, which receives projections from nigral neurons. This was also observed in the positive controls with lesions caused by 6-OHDA (Fig. 2F ) and has previously been observed following loss of innovation by nigrostriatal projections (4, 23) and in rabbits infected with herpes simplex virus (10) . The mice with 6-OHDA lesions and some virus-infected mice were observed to possess a postural and/or rotational bias, characteristic of unilateral dopaminergic deficit.
The explanation for this confined infection is not immediately apparent. A number of previous studies have demonstrated that the spread of the BeAn strain of Theiler's virus is relatively slow in the mature mouse brain (24, 28) , and confinement of the infection to the substantia nigra could represent the balance between virus spread and its control by the immune response. Alternatively, since the infection does spread throughout the entire rostrocaudal length of the substantia nigra, the virus may be unable to travel out of this system along neurites or it may be unable to replicate in connected neurons or neurons in adjacent structures. This is the first direct evidence of the ability of a virus to specifically infect catecholaminergic neurons. The present studies also demonstrate for the first time that a virus can establish an infection in and destroy a specific subpopulation of neurons without significant spread to connected or adjacent areas. Furthermore, the isolated virus damage in the substantia nigra affected the function of distant terminal projection fields in the caudate putamen. The concept of a confined, localized, destructive or disruptive virus infection may be an important scenario in neurodegenerative diseases of man. That we have shown this by targeting the substantia nigra is perhaps particularly relevant to human disease. It is possible to speculate that a virus may enter this structure along olfactory connections. Indeed, Theiler's virus and other viruses such as neurotropic strains of mouse hepatitis virus readily and relatively selectively infect the substantia nigra following intranasal inoculation (2, 7, 12, 28) . Alternatively, the virus could enter this structure Note that most tyrosine hydroxylase-positive neurons are also viral RNA positive (some examples are marked with arrows) and that there are few virus-positive cells which are not also tyrosine hydroxylase positive. Magnification, ϫ200. (F) Paired representative computer-generated images demonstrating the intensity of tyrosine hydroxylase immunostaining in the substantia nigra (SN) and caudate putamen (CPu) from the same mouse. These two regions are present at different levels on the rostrocaudal axis of the brain. Note the bilateral expression of tyrosine hydroxylase in the substantia nigra and caudate putamen in the control animal. 6-OHDA inoculated unilaterally caused a unilateral depletion of tyrosine hydroxylase immunoreactivity in the substantia nigra (arrowhead) and the ipsilateral caudate putamen. A similar effect was observed following virus infection with Theiler's murine encephalomyelitis virus.
